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We make a general approach to study the photoelectric current generated by a driving light with different
photon statistics. For different types of input photon statistics, it is no longer enough to simply treat the driving
light as a planar wave as in classical physics. If the driving light starts from a coherent state as the initial state,
our quantum treatment just returns the quasi-classical driving description. But if the initial state of the driving
light is a general one with a given P function, we find that the full system dynamics can be reduced as the P
function average of many “branches”: in each dynamics branch, the driving light starts from a coherent state,
and the system dynamics can be obtained in the quasi-classical way. Based on this fully quantum approach,
it turns out the different photon statistics does make differences to the photoelectric current. Among all the
classical light states with the same light intensity, the input light with Poisson statistics generates the largest
photoelectric current, while a nonclassical sub-Poisson light could exceed this classical upper bound.
Introduction - When considering a driving light shining on a
quantum two-level system (TLS) (HˆS = ~Ω|e〉〈e|, with |e/g〉
as the excited/ground state), the interaction between the TLS
and the light beam is usually described by the following quasi-
classical driving [1–3],
Vˆ = dˆ · ~E0 sin(ωkt− k · x− φ0). (1)
where dˆ = ~℘ (σˆ−+ σˆ+) is the dipole moment operator of the
TLS, with ~℘ := 〈e|dˆ|g〉 as the transition dipole moment, and
σˆ+ := |e〉〈g| = (σˆ−)†.
In such an interaction, the driving light is indeed modeled as
a planar wave as in classical physics. Thus, if the driving light
carries different photon statistics (e.g., Poisson, sub-Poisson,
thermal [2–6]), the above quasi-classical driving interaction
cannot reflect this difference.
Recently, it was noticed that the different types of the in-
put photon statistics do make differences when they interact
with the same quantum system. For example, the squeezed
light (with sub-Poissonian photon statistics) could enhance
the two-photon absorption fluorescence by ∼ 47 times com-
paring with the normal laser light with the same intensity [7],
and also can be used to exceed the cooling limit in the laser
cooling experiments [8–10]. Thus, it is also expectable that
a nonclassical light may provides potential enhancements in
more different physics problems. However, that requires a
more precise description for the light-matter interaction be-
yond the above quasi-classical driving, which has not yet been
developed well enough.
In this paper, we make a fully-quantum approach to study
the interaction between a quantum system and a driving light
which carries a generic photon statistics. Based on the inter-
action between a TLS and the fully quantized EM field, if the
driving mode starts from a coherent state |α〉 as its initial state,
it turns out the system dynamics can be described by a master
equation which well returns the above quasi-classical driving
widely adopted in literature.
Further, if the initial state of the driving mode is not a
coherent state, but has a general form in P representation
%ˆ =
∫
d2αP (α)|α〉〈α|, it turns out the system dynamics
can be rewritten as the P function average of many evolution
“branches”: in each dynamics branch the driving mode starts
from a coherent state, thus they can be solved separately as
the above quasi-classical driving situation, and then their P
function average gives the full dynamics.
Based on this approach, we consider a photoelectric con-
verter model [11–16], and study the photoelectric currents
generated by the input light with different photon statistics
(Poisson, sub-Poisson, thermal). We find that the photo-
electric currents generated from different input photon statis-
tics do exhibit significant differences, even if they have the
same light intensity. We prove that, among all the classical
light states (those who have non-singular positive P functions
[2, 3]), the input light with Poisson statistics generates the
largest photoelectric current; on the other hand, the current
generated from a nonclassical light with sub-Poisson statistics
is even larger than this classical limit.
Quantum treatment of quasi-classical driving - First we
show how the above quasi-classical interaction (1) can be de-
rived from a fully-quantum treatment. We start from the gen-
eral interaction between the TLS and the fully quantized EM
field (HˆB =
∑
k,ς ~ωkaˆ
†
kς aˆkς ), which reads (in the interaction
picture1)
H˜SB = d˜(t) · E˜(x, t)
=
∑
kς
d˜(t) · eˆkς
√
~ωk
20V
(
iaˆkςe
ik·x−iωkt + h.c.
)
, (2)
where ς is the polarization index of the EM field.
The initial state of the EM field is set as follows: a specific
(k0ς0)-mode (the driving mode) starts from a coherent state
|α〉k0ς0 (α ≡ |α|eiφα ), while all the other modes start from
1 Throughout the paper, oˆ denotes the operator in the Schrödinger picture,
and o˜(t) indicates the interaction picture.
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2the vacuum state, i.e.,
ρˆ
(α)k0ς0
B (0) =
⊗
kς
%ˆkς , %ˆkς =
{
|α〉〈α|, (k0ς0)-mode
|0〉〈0|, other modes
(3)
Under this initial state, the field operator aˆkς can be divided
as its displacement and the vacuum fluctuation aˆkς = 〈aˆkς〉+
δaˆkς , namely, the driving mode gives aˆk0ς0 = α+ δaˆk0ς0 and
the other modes give aˆkς = δaˆkς . Then the interaction (2) can
be rewritten as H˜SB = V˜α(t) + H˜
(0)
SB , where
V˜α(t) = d˜(t) · ~Eα sin(ωk0t− k0 · x− φα), (4)
H˜
(0)
SB =
∑
k,ς
d˜(t) · eˆkς
√
~ωk
20V
[
i δaˆkςe
ik·x−iωkt + h.c.
]
,
with ~Eα := eˆk0ς0 |α|
√
2~ωk0/0V (x is the position of the
TLS, set as x ≡ 0 hereafter).
Therefore, V˜α(t) just gives the above quasi-classical inter-
action (1) between the TLS and a planar wave. We remark that
up to now the above treatments are exact without any rotating-
wave approximation (RWA), and it applies for both resonant
and non-resonant driving.
On the other hand, in the interaction term H˜(0)SB of Eq. (4),
δaˆkς = aˆkς − 〈aˆkς〉 only contains the field fluctuation around
its mean value, which satisfies 〈δaˆkς〉 = 0, 〈δaˆkς δaˆ†k′ς′〉 =
δkk′δςς′ , and 〈δaˆ†kςδaˆk′ς′〉 = 〈δaˆkς δaˆk′ς′〉 = 0 for all (kς)-
modes. With the help of these relations, from the Born-
Markovian approximation and RWA [17], we obtain the fol-
lowing master equation of the system dynamics (see deriva-
tion in Appendix A)
∂tρ˜
(α)
S =
i
~
[ρ˜
(α)
S , V˜α(t)] + LEM[ρ˜(α)S ],
LEM[ρ] = κ
(
σˆ−ρσˆ+ − 1
2
{σˆ+σˆ−, ρ}). (5)
This is just the master equation widely adopted in literature,
which contains both the quasi-classical driving and the spon-
taneous emission term LEM[ρ] with decay rate κ. But now
the driving term here is no longer directly imposed from the
quasi-classical interaction (1) in priori, but emerges from the
initial coherent state of the quantized field (3).
Driving by generic light states - Now we consider a more
general situation that the initial state of the driving mode is
not a coherent state, while all the other modes still start from
the vacuum state.
In this case, such an initial state cannot simply give the
above quasi-classical driving any more. Generally, the ini-
tial states of the (k0ς0)-mode and the whole EM field can be
written in the following P representation [1–3, 18, 19],
%ˆk0ς0 =
∫
d2αP (α) |α〉k0ς0〈α|,
ρˆB(0) =
⊗
kς
%ˆkς =
∫
d2αP (α) ρˆ
(α)k0ς0
B , (6)
where ρˆ(α)k0ς0B is just given by Eq. (3). The bath state ρˆB(0)
“looks like” a probabilistic collection of many components
ρˆ
(α)k0ς0
B , but remember the P function P (α) is not a probabil-
ity distribution and it may contain negative parts [1–3].
Now the evolution of the system state ρˆS(t) can be given by
ρˆS(t) = trB
{
Et[ρˆS(0)⊗ ρˆB(0)]
}
=
∫
d2αP (α) trB
{
Et[ρˆS(0)⊗ ρˆ(α)B (0)]
}
:=
∫
d2αP (α) ρˆ
(α)
S (t), (7)
where Et[...] is the unitary evolution operator of the whole S-B
system, and ρˆ(α)S (t) := trB
{
Et[ρˆS(0)⊗ ρˆ(α)k0ς0B (0)]
}
.
It is worth noting that indeed ρˆ(α)S (t) indicates the sys-
tem dynamics when the field state starts from ρˆ(α)k0ς0B (0)
[Eq. (3)], which is just the above situation of quasi-classical
driving given |α〉 as the initial state of the (k0ς0)-mode.
Therefore, the complete system dynamics ρˆS(t) [Eq. (7)]
can be regarded as the P function average of many evolution
“branches” ρˆ(α)S (t), and we call ρˆ
(α)
S (t) as the α-branch of the
full dynamics. In the α-branch, the driving mode just starts
from the coherent state |α〉 as the initial state, thus it can be
given by the above master equation (5) with the quasi-classical
driving interaction V˜α(t).
Eq. (7) also provides a simple way to obtain the dynamics
of system observable expectations, i.e.,
〈OˆS(t)〉 = trS
[
OˆS ρˆS(t)
]
=
∫
d2αP (α) 〈OˆS(t)〉(α), (8)
where 〈OˆS(t)〉(α) = trS[OˆS · ρˆ(α)S (t)] can be obtained by the
master equation (5) with quasi-classical driving.
In sum, if the driving light on the system is not a coher-
ent state, the system dynamics 〈OˆS(t)〉 can be obtained as the
P function average of all the branches 〈OˆS(t)〉(α), and each
branch can be given by the master equation (5) with the quasi-
classical driving interaction. Notice that Eqs. (7, 8) are exact
without approximations.
Photoelectric converter - Now we consider a photoelectric
converter model and study the photoelectric current excited
from different light states.
The photoelectric converter is modeled as two fermionic
levels, HˆS = ~Ωaaˆ†aˆ + ~Ωbbˆ†bˆ (setting Ωb ≡ 0, and
Ωa − Ωb := Ω), and they contact with two electron leads
HˆL(R) =
∑
k εL(R),k cˆ
†
L(R),k cˆL(R),k respectively via the tun-
neling interaction VˆL =
∑
k gL,k bˆ
†cˆL,k + h.c. and VˆR =∑
k gR,k aˆ
†cˆR,k + h.c. (see Fig. 1, here aˆ, bˆ, cˆL(R),k are the
fermionic annihilation operators of the two levels and the elec-
tron modes in the leads) [11–16].
In a semiconductor diode photoelectric converter, the direct
tunneling between these two levels is prevented by the inter-
nal electric potential. The incoming photons could stimulate
3FIG. 1. Demonstration of the photoelectric converter model. The
fermionic level-a(b) is coupled to the right (left) electron lead, whose
chemical potential is µR (µL), and ~Ωa > µR > µL > ~Ωb ≡ 0. The
incoming photons excite the electron across the voltage barrier and
generate the photoelectric current.
the electron up and down between these two levels. The in-
teraction between these two fermion levels and the quantized
EM field is just the above HˆSB [Eq. (2)], except here the dipole
moment operator should be modified as dˆ = ~℘(τˆ−+ τˆ+) with
τˆ+ := aˆ†bˆ = (τˆ−)†.
Therefore, the above discussions for different light state in-
puts can be well applied here. We first consider the situation
that the driving light is a coherent state |α〉 [Eq. (3)], then the
master equation for the system dynamics is obtained as
∂tρ˜S =
i
~
[ρ˜S, V˜α(t)] + LEM[ρ˜S] + La[ρ˜S] + Lb[ρ˜S], (9)
V˜α(t) = i~ξ0α τˆ+ei(Ω−ωk0 )t − i~ξ0α∗ τˆ−e−i(Ω−ωk0 )t.
Here RWA has been applied to the driving interaction V˜α(t),
and ~ξ0 := (~℘ · eˆk0ς0)
√
~ωk0/20V is the single-photon cou-
pling strength. Hereafter we only focus on the resonant driv-
ing case and set ωk0 ≡ Ω.
LEM[ρ˜S] is the same with Eq. (5) except here σˆ± should be
replaced by τˆ±, which describes the spontaneous emission.
La(b)[ρ˜S] describes the dissipation due to coupling with the
right (left) lead, which reads (taking Q = a, b) [11–13, 20, 21]
LQ[ρ] =γQn¯Q(Qˆ†ρQˆ − 1
2
QˆQˆ
†
ρ− 1
2
ρQˆQˆ
†
)
+ γQ(1− n¯Q)(QˆρQˆ† − 1
2
Qˆ
†
Qˆρ− 1
2
ρQˆ
†
Qˆ), (10)
where n¯a(b) =
[
expβR(L)(~Ωa(b)−µR(L))+1
]−1
is the Fermi-
Dirac distribution, and µR(L) is the chemical potential of the
right (left) lead. Here we consider the temperatures of the two
electron leads are zero, which gives n¯b = 1, n¯a = 0.
Photoelectric current - From the master equation (9), the av-
erage electron number 〈Nˆa〉 := 〈aˆ†aˆ〉 on level-a gives
∂t〈Nˆa〉 = tr
{ i
~
[ρ˜S, V˜α] Nˆa + LEM[ρ˜S] Nˆa
}
+ tr
{La[ρ˜S] Nˆa}
:= JEM − JR. (11)
Here JR := −tr
{La[ρ˜S] Nˆa} is the current flowing from level-
a to the right lead, and JEM is the net exciting rate from level-
b to level-a. In the steady state ∂t〈Nˆa〉
∣∣
t→∞ = 0, we have
JEM = JR := J(α), and the photoelectric current is −e JR.
The spontaneous rate is usually much smaller than the tun-
neling rates κ  γa,b := γ. The above steady state current
can be obtained from the master equation (9) (Appendix B)
J(α) =
2ξ20 |α|2 γ
4ξ20 |α|2 + γ2
=
γ
2
[
1− γ˜
2
ξ
4|α|2 + γ˜2ξ
]
, (12)
where γ˜ξ := γ/ξ0. Thus a non-zero input light (α 6= 0) al-
ways produces a photoelectric current across the voltage bar-
rier [J(α) > 0 means the electrons move from left to right].
Now we consider the driving light is not a coherent
state, which is beyond the previous quasi-classical descrip-
tion. In this case, Eq. (12) just gives the steady current for
the α-branch dynamics, and the complete result should be
the summation from all branches [Eq. (8)], that is, J :=∫
d2αP (α)J(α).
When the light intensity is weak (|α|2  γ˜2ξ ≡ γ2/ξ20),
the current Eq. (12) gives J(α) ' (2ξ20/γ) |α|2, thus its
P function average always gives the full steady current as
J = (2ξ20/γ)n. That means, the photoelectric current is al-
ways proportional to the average photon number n (namely,
the light intensity) in spite of the input photon statistics. If
this weak intensity condition is not satisfied, the photoelectric
current may exhibit significant differences for different input
light states.
We first consider the input light state is a uniform mixture
of all the coherent state |α〉 with the same photon number
|α|2 ≡ n but different phases φα, which can be written as
ρ =
∫
dφα
2pi |α〉〈α| =
∑
Pn|n〉〈n|, with Pn = e−|α|2 |α|2n/n!
as the Poisson distribution. In this situation (the idealistic laser
statistics), the P function average on J(α) gives the same re-
sult as Eq. (12) [solid blue line in Fig. 2(c, d)].
Now we consider the input light is a monochromatic one
carrying the thermal statistics, described by the P function
Pth(α) = [pin¯]
−1 exp[−|α|2/n¯] with n as the mean photon
number [1–3, 6]. In this case, the steady current becomes
J th =
∫
d2αPth(α)J(α) =
γ
2
[
1+
γ˜2ξ
4n
e
γ˜2ξ
4nEi(− γ˜
2
ξ
4n
)
]
, (13)
where Ei(x) := − ∫∞−x dt e−t/t is the exponential integral
function [chain red line in Fig. 2(c, d)].
It turns out that, under the same average photon number
(light intensity), the currents excited from the Poisson and
thermal light exhibit significant differences. The current gen-
erated by the Poisson light is always larger than the thermal
case [Fig. 2(c, d)]. Meanwhile, in the weak intensity region
(0 < n  γ˜2ξ ), these two results [Eqs. (12, 13)] almost co-
incide with each other, and both exhibit a linear dependence
on the average photon number n, which is consistent with the
above discussions.
Further, with the help of Lagrangian multipliers, we can
prove, among all the classical light states (those who have
P (α) ≥ 0), under the same mean photon number n, the
Poisson input generates the largest photoelectric current J =∫
d2αP (α)J(α) (Appendix D). Namely, the photoelectric
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FIG. 2. (a) Photon number distribution Pn for the thermal, Poisson,
sub-Poisson [Eq. (14)] statistics with the same mean photon number
n = 20. (b) The Mandel QM parameter for the sub-Poisson distri-
bution [Eq. (14)] under different mean photon number. (c, d) The
photoelectric current J/γ generated by the Poisson, thermal, sub-
Poisson light [Eqs. (12, 13, 15)] (given γ˜2ξ ≡ γ/ξ0 = 1.5, 5).
current generated from the Poisson light sets the upper bound
for all classical light states.
Driving by sub-Poisson light - Now we consider the driving
light has the following sub-Poisson statistics,
Pn =
1
I0(2
√
λ)
λn
(n!)2
,
n =
√
λ I1(2
√
λ)
I0(2
√
λ)
, n2 = λ, (14)
where I0/1(x) is the modified Bessel function of the first kind.
The distribution profile is shown in Fig. 2(a) (green dia-
monds, for n = 20), and clearly it is narrower than the Pois-
son distribution with the same average photon number (blue
dots). The Mandel QM parameter (QM := 〈δn2〉/〈n〉 − 1) of
this distribution is always negative [Fig. 2(b)], which means
such a photon statistics is a nonclassical one, and its P func-
tion is not positive-definite [2, 3, 22].
The photoelectric current generated by this sub-Poisson
light can be obtained by the P function average of Eq. (12).
Notice that, this P function average is also equivalent with the
normal-order expectation on the light state ρ =
∑
Pn|n〉〈n|
[1–3, 18, 19], namely, J = 〈: J(α∗ → aˆ†, α → aˆ) :〉, where
〈: J(aˆ†, aˆ) :〉 means the normal-order expectation. This can
be further calculated with the help of Widder transform [3, 23]
(Appendix C), which gives the steady state current as
J sub =
γ
2
[
1− γ˜2ξ
∫ ∞
0
ds e−γ˜
2
ξs
I0(2
√
(1− 4s)λ)
I0(2
√
λ)
]
. (15)
The photoelectric current generated by such a sub-Poisson
light is shown in Fig. 2(c, d) (dashed green line), and it is
larger than the above classical upper bound set by the Poisson
light. Notice that the surpassing amount is dependent on the
tunneling rate γ comparing with the single-photon coupling
strength ξ0. In most practical situations γ  ξ0, this differ-
ence is quite small [Fig. 2(d)]. If the tunneling rate is small
(γ ∼ ξ0), such a difference due to the input photon statistics
could be significant. On the other hand, the difference be-
tween the currents generated by the thermal and Poisson light
appears independent on γ/ξ0 ≡ γ˜ξ [indeed in both Eqs. (12,
13), n/γ˜2ξ appears together as a whole].
Summary - In this paper, we made a fully-quantum approach
to study photoelectric current generated by a monochromatic
driving light which carries a generic photon statistics. If the
driving mode starts from a coherent state as the initial state,
our quantum treatment just returns the quasi-classical driving
description as widely adopted in literature. But if the driv-
ing light has a generic photon statistics with a given P func-
tion, the full system dynamics becomes the P function aver-
age of many evolution “branches”: in each dynamics branch,
the driving mode starts from a coherent state and thus returns
the quasi-classical driving. Based on this quantum approach,
it turns out, different types of photon statistics do make dif-
ferences to the photoelectric current generation. Among all
the classical light states with the same mean photon number,
the Poisson statistics generates the largest photoelectric cur-
rent, while a nonclassical sub-Poisson light could even ex-
ceed this classical upper bound. In principle this approach
also can be applied in more different problems with light driv-
ing, and these results are feasible to be observed in current
experiments.
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Appendix A: Master equation derivation
Here we present the derivation for the the master equation (5) in the main text. Since the EM field starts from ρˆ(α)k0ς0B (0) [Eq.
(3) in the main text], in the interaction picture, the interaction between the two-level system and the EM field can be rewritten as
H˜SB = V˜α(t) + H˜
(0)
SB [Eq. (4) in the main text], where V˜α(t) = d˜(t) · ~Eα sin(ωk0t− k0 · x− φα), and
H˜
(0)
SB =
∑
k,ς
(
σˆ−e−iΩt + σˆ+eiΩt
)
(~℘ · eˆkς)
√
~ωk
20V
(
i δaˆkς e
ik·x−iωkt + h.c.
)
. (A1)
Here σˆ+ = |e〉〈g| = (σˆ−)†, and d˜(t) = ~℘(σˆ−e−iΩt + h.c.). The operator δaˆkς = aˆkς − 〈aˆkς〉 indicates the pure fluctuation of
the quantized field, and the displacement 〈aˆkς〉 = trB[ρˆ(α)k0ς0B (0) aˆkς ] gives α for (k0ς0)-mode and 0 for other modes. Under
the rotating-wave approximation, the above interaction becomes
H˜
(0)
SB (t) '
∑
k,ς
gkς σˆ
+ δaˆkς e
i(Ω−ωk)t + h.c. (A2)
where gkς := i(~℘ · eˆkς)
√
~ωk/20V eik·x.
In the interaction picture, the dynamics of the system-bath state ρ˜SB(t) is governed by the von Neumann equation,
∂tρ˜SB(t) =
i
~
[ρ˜SB(t), V˜α(t)] +
i
~
[ρ˜SB(t), H˜
(0)
SB (t)],
ρ˜SB(t) = ρ˜SB(0) +
i
~
∫ t
0
ds [ρ˜SB(s), V˜α(s) + H˜
(0)
SB (s)]. (A3)
We put the above integral solution of ρ˜SB(t) back into the second term of the von Neumann equation, which gives
∂tρ˜SB(t) =
i
~
[ρ˜SB(t), V˜α(t)] +
i
~
[ρ˜SB(0), H˜
(0)
SB (t)]−
1
~2
∫ t
0
ds
[
[ρ˜SB(s), V˜α(s) + H˜
(0)
SB (s)], H˜
(0)
SB (t)
]
. (A4)
Now we apply the Born approximation ρ˜SB(s) ' ρ˜S(s)⊗ ρˆ(α)k0ς0B (0), and trace out the bath degree of freedom. Since 〈δaˆkς〉 =
〈δaˆ†kς〉 = 0 under the bath state ρˆ
(α)k0ς0
B (0), Eq. (A4) further gives
∂tρ˜S ' i~ [ρ˜S(t), V˜α(t)]−
1
~2
∫ t
0
dsTrB
[
[ρ˜S(t− s)⊗ ρˆ(α)k0ς0B (0), H˜(0)SB (t− s)], H˜(0)SB (t)
]
. (A5)
Then we assume the convolution kernel, which comes from the time correlation function of the EM field, decays so fast that
only the accumulation around ρ˜S(t− s ' t) dominates in the integral. Thus, we can extend the above time integral to be t→∞
(Markovian approximation), and obtain
∂tρ˜S ' i~ [ρ˜S(t), V˜α(t)]−
1
~2
∫ ∞
0
dsTrB
[
[ρ˜S(t)⊗ ρˆ(α)k0ς0B (0), H˜(0)SB (t− s)], H˜(0)SB (t)
]
. (A6)
The master equation can be obtained after taking the trace expectation and time integral. Notice that, when taking the average
on the bath state ρˆ(α)k0ς0B (0), the bath operators δaˆ
†
kς in H˜
(0)
SB (t) satisfy the following relations,
〈δaˆ†kς δaˆk′ς′〉 = 0, 〈δaˆkς δaˆ†k′ς′〉 = δkk′δςς′ , 〈δaˆkς δaˆk′ς′〉 = 〈δaˆ†kς δaˆ†k′ς′〉 = 0. (A7)
6Here we present the calculation of one term in Eq. (A6):
− 1
~2
∫ ∞
0
dsTrB
[
ρ˜S(t)⊗ ρˆ(α)k0ς0B (0) ·
(∑
kς
gkς σˆ
+δaˆkς e
i(Ω−ωk)(t−s)
)
·
(∑
k′ς′
g∗k′ς′ σˆ
−δaˆ†k′ς′ e
−i(Ω−ωk′ )t
)]
=− ρ˜Sσˆ+σˆ−
∑
kς
|gkς |2
~2
∫ ∞
0
ds 〈δaˆkςδaˆ†kς〉e−i(Ω−ωk)s = −ρ˜Sσˆ+σˆ−
∫ ∞
0
dω
2pi
Γ(ω)
∫ ∞
0
ds e−i(Ω−ω)s
=− ρ˜Sσˆ+σˆ−
∫ ∞
0
dω
2pi
Γ(ω)[piδ(Ω− ω)− iP 1
Ω− ω ] ' −
1
2
Γ(Ω) ρ˜Sσˆ
+σˆ−. (A8)
Here the principal integral is omitted, and Γ(ω) := 2pi~2
∑
kς |gkς |2δ(ω − ωkς) is the coupling spectral density.
Notice that, when considering the spontaneous emission of the TLS in the vacuum field (without the driving light), the
coupling spectral density Γ(ω) is exactly the same with the one used here. Finally, the master equation is obtained as
∂tρ˜S =
i
~
[ρ˜S, V˜α(t)] + κ
(
σˆ−ρ˜sσˆ+ − 1
2
{σˆ+σˆ−, ρ˜S}
)
. (A9)
The first term just has the form of quasi-classical driving widely adopted in literature, and second term describes the spontaneous
emission with κ := Γ(Ω) as the decay rate.
Appendix B: Photoelectric current
Based on the master equation Eq. (9) in the main text, we obtain the following the equations of motion for the observables
Nˆa = aˆ
†aˆ, Nˆb = bˆ†bˆ, and τˆ+ = aˆ†bˆ = (τˆ−)†,
∂t〈Nˆa〉 = ξ0
(
α〈τˆ+〉+ α∗〈τˆ−〉)− γa[(1− n¯a)〈Nˆa〉 − n¯a(1− 〈Nˆa〉)]− κ〈Nˆa〉,
∂t〈Nˆb〉 = −ξ0
(
α〈τˆ+〉+ α∗〈τˆ−〉)− γb[(1− n¯b)〈Nˆb〉 − n¯b(1− 〈Nˆb〉)] + κ〈Nˆa〉,
∂t〈τˆ+〉 = −ξ0α∗
(〈Nˆa〉 − 〈Nˆb〉)− 1
2
(γa + γb + κ)〈τˆ+〉,
∂t〈τˆ−〉 = −ξ0α
(〈Nˆa〉 − 〈Nˆb〉)− 1
2
(γa + γb + κ)〈τˆ−〉.
(B1)
In the steady state t→∞, the time-derivatives all give zero, and the above algebra equations give the steady state as
〈Nˆa〉 = 4|α|
2ξ20(γan¯a + γbn¯b) + γaγb(γa + γb + κ)n¯a
4|α|2ξ20(γa + γb) + γb(γa + κ)(γa + γb + κ)
,
〈Nˆb〉 = 4|α|
2ξ20(γan¯a + γbn¯b) + (γa + γb + κ)[κγan¯a + (κ+ γa)γbn¯b]
4|α|2ξ20(γa + γb) + γb(γa + κ)(γa + γb + κ)
, (B2)
〈τˆ+〉 = 〈τˆ−〉∗ = 2ξ0α
∗[γaγb(n¯b − n¯a) + κ(γan¯a + γbn¯b)]
4|α|2ξ20(γa + γb) + γb(γa + κ)(γa + γb + κ)
.
Then the electron current flowing to the right electron lead is given by
JR = −tr
{
La[ρ˜S] · Nˆa
}
= γa[(1− n¯a)〈Nˆa〉 − n¯a(1− 〈Nˆa〉)]
=
4|α|2 ξ20γaγb(n¯b − n¯a)− κγaγb(γa + γb + κ)n¯a
4|α|2 ξ20(γa + γb) + γb(γa + κ)(γa + γb + κ)
. (B3)
Taking γa = γb := γ, κ = 0, n¯a = 0, n¯b = 1, it gives the result (12) in the main text.
Appendix C: General input photon statistics
Here we show how to calculate the photoelectric current when the input light is not a coherent state but has a general photon
statistics. Generally, the P function average of Eq. (12) in the main text gives the photoelectric current. But for many nonclassical
light states, their P functions are highly singular and sometimes not easy to be given directly. Thus here we provide another
7method to calculate this current. Notice that the P function average is also equivalent as the normal-order expectation on the
quantum state ρ =
∫
d2αP (α)|α〉〈α|, thus we have (denoting γ˜ξ := γ/ξ0)
J =
∫
d2αP (α)
2ξ20γ |α|2
4ξ20 |α|2 + γ2
=
γ
2
− γ
2
〈
:
γ˜2ξ
4aˆ†aˆ+ γ˜2ξ
:
〉
=
γ
2
(
1− γ˜2ξ
〈
:
∫ ∞
0
ds e−s(4aˆ
†aˆ+γ˜2ξ ) :
〉)
. (C1)
Here 〈: f(aˆ, aˆ†) :〉 means the normal-order expectation, and the second line is the Widder transform which turns the operator
fraction into an exponential integral. Thus, for an arbitrary quantum state ρ =
∑
mn ρmn|m〉〈n|, we have
〈: e−4saˆ†aˆ :〉 =
∞∑
k=0
(−4s)k
k!
〈(aˆ†)kaˆk〉 =
∞∑
m,n=0
∞∑
k=0
ρmn · (−4s)
k
k!
〈n|(aˆ†)kaˆk|m〉
=
∞∑
n=0
n∑
k=0
ρnn · (−4s)
kn!
k!(n− k)! =
∑
n
ρnn(1− 4s)n. (C2)
Indeed here ρnn := Pn is just the photon statistics of the input light state, and the above photoelectric current becomes
J =
γ
2
(
1− γ˜2ξ
∫ ∞
0
ds e−γ˜
2
ξs
[∑
n
Pn(1− 4s)n
])
. (C3)
For example, considering the coherent state |α〉 as the input light, which has Pn = e−|α|2 |α|2n/n!, then Eq. (C3) gives the
photoelectric current by
J =
γ
2
(
1− γ˜2ξ
∫ ∞
0
ds e−γ˜
2
ξs
[∑
n
e−|α|
2 |α|2n(1− 4s)n
n!
])
=
γ
2
(
1− γ˜2ξ
∫ ∞
0
ds e−γ˜
2
ξs e−4|α|
2s
)
=
γ
2
[
1− γ˜
2
ξ
4|α|2 + γ˜2ξ
]
. (C4)
which just returns the result J(α) [Eq. (12) in the main text]. If we consider the input light is the thermal state Pn = 1n¯+1
[
n¯
n¯+1
]n
,
the above Eq. (C3) also gives the same result as Eq. (13) in the main text. If the input light has a sub-Poisson statistics
Pn = [I0(2
√
λ)]−1 λn/(n!)2, the above Eq. (C3) gives the result (15) in the main text.
Appendix D: Proof for the classical upper bound
Here we are going to show, among all the classical light states, under the same mean photon number, the Poisson light
generates the largest photoelectric current.
We have seen that, for different input light states, the photoelectric currents are given by
J/γ =
∫
d2αP (α, α∗)
2|α|2
4|α|2 + γ˜2ξ
, (D1)
where P (α, α∗) is the P function of the input light state. Therefore, the classical upper bound for the photoelectric current can
be obtained by finding the variational extremum of this integral under three constraints: (1) classical light state P (α, α∗) ≥ 0,
(2) normalization
∫
d2αP (α) = 1, (3) fixed mean photon number
∫
d2α |α|2P (α) = n.
Since the P function of classical light states must be positive, and no more singular than the δ-function, we introduce
[p(α, α∗)]2 ≡ P (α, α∗) ≥ 0 to handle the positivity constraint. Then the above extremum problem can be done with the
help of Lagrangian multipliers (λ1,2), namely,
S : =
∫
d2α
2|α|2
4|α|2 + γ˜2ξ
[p(α)]2 − λ1
{∫
d2α [p(α)]2 − 1}− λ2{∫ d2α |α|2[p(α)]2 − n},
δS =
∫
d2α
{[ 2|α|2
4|α|2 + γ˜2ξ
− λ1 − λ2|α|2
]
2p(α)
}
δp(α). (D2)
8To make sure the extremum condition δS ≡ 0 holds for any variance δp(α), the term in the above curly bracket must be zero,
and thus P (α, α∗) must satisfy the following relation,
P (α, α∗) =
{
[p(α)]2 6= 0, when 2|α|2
4|α|2+γ˜2ξ
− λ1 − λ2|α|2 = 0
[p(α)]2 = 0, for other α
(D3)
That means P (α, α∗) is zero unless |α|2 equals to a certain value. Then together with the above constraints (2, 3), P (α, α∗)
must have the following form,
P (α, α∗) =
∫ 2pi
0
dφ f(φ)δ(2)(α−√n¯ eiφ), (D4)
where f(φ) is an arbitrary function satisfying f(φ) > 0 and
∫ 2pi
0
dφ f(φ) = 2pi. That means, the light state ρ =∫
d2αP (α)|α〉〈α| is indeed a mixture of many coherent states ∣∣α = √n¯eiφ〉, which have the same mean photon number
|α|2 = n but different phases φ. Clearly, all such states have the same Poisson statistics, and generates the photoelectric current
as Eq. (12) in the main text.
Therefore, when the mean photon number n is fixed, the Poisson input generates the largest photoelectric current among all
classical light states. For many nonclassical states, the P functions are highly singular (such as containing high-order derivatives
of the δ-function), thus the above variational method may not apply well for nonclassical states.
